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Papillomaviruses (PVs) infect stratified squamous
epithelia in vertebrates. Some PVs are associated with
different types of cancer and with certain benign lesions.
It has been assumed that PVs coevolved with their
hosts. However, recently it has been shown that differ-
ent regions of the genome have different evolutionary
histories. The PV genome has a modular nature and
appeared after the addition of pre-existent blocks. This
order of appearance in the PV genome is evident today
in the different evolutionary rates of the different genes,
with new genes - E5, E6 and E7 - diverging faster than
old genes - E1, E2, L2 and L1. Here, we propose an
evolutionary framework aiming to integrate genome
evolution, PV biology and epidemiology of PV infections.

Classification of PVs

Papillomaviridae are a family of small dsDNA viruses that
infect warm-blooded vertebrates [1]. Members of this
family are associated with all clinical cases of cervical
cancer and are also found in other benign and malignant
proliferative disorders, such as skin warts, genital warts,
laryngeal papillomas and nonmelanoma skin cancer [2-5].
In all cases, the target cells of the papillomaviruses
(PVs) are located in the basal layer of stratified squamous
epithelia, cutaneous or mucosal [6].

PVs have been classified according to the sequence
identity in one of the capsid proteins, L1, without taking
into account any other region of the genome and without
considering phenotypic characteristics of the viral infec-
tion [7]. This classification based on L1 has led to the
proliferation of discrete PV genera that comprise single
species, yielding a taxonomy that provides only descrip-
tive information [7]. Despite the growing knowledge about
the infection and tumorigenesis processes, no comprehen-
sive model bringing together the biology and manifes-
tations of the infection of PVs has yet been provided.
Recent studies have shown the first links between the
chemistry of the viral proteins and the epidemiology of the
infection in alpha PVs, based on viral evolution [8-10].
The alpha PVs mainly cause mucosal lesions in primates,
although some of them are also associated with cutaneous
warts [7]. Some alpha PVs, such as HPV16 or HPV18, are
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causative agents of cervical cancer and are referred to as
high-risk viruses. Other alpha PVs, such as HPV6 or
HPV11, give rise to non-malignant proliferative disorders
and are therefore referred to as low-risk viruses [3,11].
The phylogenies of capsid proteins and of transforming
proteins are different in alpha PVs [8,9]. Thus, high-risk
alpha PVs appear together regarding the phylogeny of the
transforming proteins but do not appear together accord-
ing to the phylogeny of the capsid proteins [9]. Addition-
ally, the number of accepted mutations per position is
higher in the oncogenes than in the rest of the PV genes [9]
and there is evidence of positive Darwinian selection in
the oncogenes but not in the rest of the PV genes [8].
The aim of the present work is to provide a compre-
hensive framework for the evolutionary history of the
PVs. On the one hand, the evolutionary hypotheses must
explain the growing knowledge of the ubiquity and
diversity of the PVs. On the other hand, the phylogenetic
inferences must justify the variations in anatomical
tropism and association to tumorigenesis in different PVs.

The basic structure of PVs

The basic structure of the PV genome is depicted in
Figure 1. The only elements shared by all the members
of the Papillomaviridae family are the presence of an
upstream regulatory region (URR), the early proteins
E1l and E2, and the late proteins L1 and L2. The URR is
not transcribed and contains enhancer and promoter
sequences. The E1 protein is a helicase involved in viral
episomal replication [12]. The E2 protein is a transcription
factor with a self-inhibiting dual activity. In the initial
phases of infection, E2 is expressed at low levels and
enhances the viral transcription allowing the expression
of the E1 and E2 proteins. As the infected cell differen-
tiates, E2 is expressed at higher levels and represses
transcription from the early promoters, thus arresting the
expression of the early proteins [13,14]. The L1 protein is
the main component of the viral icosahedrical capsid and
is capable of auto-assembly, thus giving rise to viral-like
particles [15]. Finally, the L2 protein binds the circular
viral DNA and packages it into the viral capsid [16]. These
four proteins alone are theoretically able to fulfil the basic
tasks of replicating, regulating, stabilizing and packaging
the viral DNA, which lead ultimately to the release of the
virion progeny [17].
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Apart from the highly conserved structure described
previously, there are two regions in the PV genome that
display a high variability and show a broad repertoire of
encoded open reading frames (ORFs): the E6-E7 region,
located between the URR and the E1 ORF, and the hinge
region between the E2 and L2 ORFs.

The E6-E7 region of the PV genome

The E6-E7 region is present in all PVs and contains genes
that encode transforming proteins that are expressed in
the initial stages of the infection, before the infected cell
starts to differentiate [1,17]. These proteins have been
given the same names, according to their position in the
genome (i.e. E6 and E7). However, this practice can lead to
confusion because proteins with different sequences and
properties bear the same name. There is little, if any,
sequence homology between the E7 proteins in distant
PVs. In addition, when measured in closely related
viruses, the branch distances from the present E6 and
E7 proteins to their ancestors are approximately two
times higher than that of the structural proteins L.1 and
L2 [9] (Figures 1 and 2). High evolutionary distances lead
to poor alignments and phylogenetic reconstruction is
based on sequence alignments. Therefore, the phylo-
genetic support (i.e. the confidence levels of the different
nodes of the phylogenetic trees) is higher for the late
proteins than for the early proteins [9] (S. Garcia-Vallve
et al., unpublished). Furthermore, in mammalian genomes,
older genes have evolved more slowly than more recent
genes [18]. If this were also true for the PVs, the E6 and E7
genes could have gained access to the genome after the
core region was formed. This suggests that PVs originated
via a multistep process that generated the present genome
organization through the addition of blocks previously
present in other organisms.

The E7 proteins from HPV16, CRPV or BPV1 have
transforming properties [1,19,20]. They bind pRb and
prevent its interaction with the transcription factor E2F-1
[21]. This leads to expression of E2F-1 responsive
genes, thus resulting in cell growth. Other E7 proteins
(e.g. HPV10 E7, HPV20 E7 or RPV E7), however, do not
interact in vitro with pRb. Therefore, E7 proteins from
PVs that infect closely related hosts do not necessarily
show the same biological activities [22-24]. The same
picture is true for the E6 proteins. The E6 proteins
from human PVs involved in cervical cancer target the
tumour suppressor protein p53 for degradation, via
ubiquitination [25,26]. By contrast, BPV1 E6 protein
also shows transforming activity but does not bind to
p53 [26,27]. Furthermore, the E6 ORF is not present in all
PVs: avian PVs [28,29] and porpoise PVs display a long
ORF in the locus where E6 and E7 genes reside in alpha
or beta PVs (Figure 1).

Different PVs infecting the same host also display
different genome arrangements within the E6-E7 region.
As an example, BPV1 and BPV5 present the typical
arrangement with E6-E7 in tandem, whereas BPV3 and
BPV4 lack the E6 gene and instead have a short
hydrophobic ORF. This ORF was originally termed ES8
but was later renamed E5 because it shows the charac-
teristics of the E5 ORF's of delta PVs [30]. The presence
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of an ORF that encodes a short hydrophobic peptide
in the E6-E7 region is an additional feature of some
PV genomes, which might have gone unnoticed in
previous analyses. Such short hydrophobic ORFs
appear either to replace the E6 gene in certain bovine
PVs, to overlap the E6 ORF in other PVs infecting deer,
humans and rabbits, or to overlap the E7 gene in PVs
infecting birds (Figure 1).

The E2-L2 region of the PV genome

The E2-L2 region of the PV genome codes for the different
members of the E5 family in alpha PVs and in delta PVs
[31] (Figure 1). The E5 proteins in alpha PVs can be
classified into four different groups according to their
hydrophobic profiles and phylogeny. The presence of a
given E5 type correlates with the clinical manifestations of
the corresponding viral infection: viruses that contain E5a
are associated with cervical cancer; viruses that contain
E5y and/or E53 are associated with mucosal benign
lesions and viruses that contain E5B are associated
with benign cutaneous lesions [9]. The expression of the
E5 protein of human PVs associated with cervical cancer
alters different membrane-related processes, such as
major histocompatibility complex trafficking to the cell
surface, endosomal acidification or induction of ligand-
mediated apoptosis [31]. The initial perturbation caused
by E5 could possibly occur through changes in the
composition and dynamics of the cell membranes [32].
The E5 protein from BPV1 is a true oncogene, which
stimulates ligand-independent cell growth [27]. Despite
sharing the same name, the E5 proteins from alpha and
delta PVs share only an overall hydrophobic nature but no
sequence homology [9].

Many PVs do not contain an E2-L2 region, as is the
case for cutaneous human PVs from genera beta, gamma
and mu, for PVs infecting rabbits and for all orphan PVs.
Lambda PVs seem to be a special case. With regards to
other regions of the genome lambda PVs are closely
related to kappa and mu genera [33]. However, lambda
PVs present a long E2-L2 region, which spans 1kb
without containing any coding sequence [34]. The func-
tions of this region are unknown, and its presence and
conservation pose an interesting evolutionary mystery.

Different evolutionary histories

Apart from the differences in activities between proteins
with the same name and in genome arrangement, the
phylogenetic relationships across different regions of the
PV genome are not the same (Figure 2). The members of
certain genera always cluster together confidently, inde-
pendently of which region of the genome is analyzed. This
is the case for species belonging to genera alpha, beta,
gamma, delta, kappa, lambda and mu.

Genera beta and gamma infect skin in primates and are
consistently closely related to each other. BPV4 also
clusters together with beta and gamma PVs according to
E1, E2, L2 and L1 phylogenies but not according to E6 and
E7 phylogenies because BPV4 lacks an E6 ORF. Thus,
BPV4 and PVs beta and gamma could have shared a
common ancestor for the core region E1-E2-1.2-1.1 and
could be regarded as a supergenus. Genera kappa, lambda
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Figure 1. Genome arrangement and relative divergence in the Papillomaviridae family. Papillomaviruses (PV) are classified into genera named following the Greek alphabet
attending to the homology in the L1 ORF (left columns). PV types are named after the host name, either in English or in Latin, as follows: BPV, bovine PV; OPV, ovine PV; RPV,
reindeer PV; DPV, deer PV; EEPV, European elk PV; PsPV, Phocoena spinipinnis (Burmeister’'s porpoise) PV; COPV, canine oral PV; FdPV, Felis domesticus (cat) PV; EcPV,
Equus caballus (horse) PV; TmPV, Trichechus manatus latirostris (manatee) PV; ROPV, rabbit oral PV; CRPV, cottontail rabbit PV; HPV, human PV; PCPV, pigmy chimpanzee
PV; CPV, chimpanzee PV; RHPV, rhesus monkey PV;MnPV, Mastomys natalensis (African-soft furred rat) PV; EdPV, Erethizon dorsatum (porcupine) PV; FcPV, Fringilla coelebs
(chaffinch) PV; PsPV, Psittacus erithacus (grey parrot) PV. Common characters to all PV members are the URR region, containing enhancer and promoter sequences, the
E1-E2 region, coding for proteins related to viral replication and the L2-L1 region, coding for capside proteins. Between URR and E1-E2 is the E6-E7 segment. This region
displays different arrangements in different viruses and encodes for E6, E7, E7' and E8-E5 ORFs, with transforming capacities. The hinge region between E2 and L2 is not
present in all PVs and encodes for the different members of the E5 family, also with transforming ability. PVs infecting the same or closely related hosts do not necessarily
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(a) Kappat+Lambda+Mu PVs. Hosts: Lagomorpha (rabbits), Carnivora (cat and dog) and primates
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Figure 2. Early proteins have diverged more than late proteins in Papillomaviruses. Branch lengths in the trees of PV proteins from kappa+lambda+mu, beta, gamma, alpha
and delta genus. Relative distances were measured from present PV proteins to the corresponding ancestral node of each genus were calculated and normalized with respect to
L1 divergence. Thereis an obvious gradient of relative divergence, in the order L1-L2-E1-E2-E6-E7 in virtually all PVs. If the ancestral PVs of each genus is assumed to contain the
same genes as current PVs, E6 and E7 proteins (the latest to arrive to the PVs genome in evolutionary terms) show the highest divergences rates. Note also the abnormal high
divergence of L2ingamma and delta PVs. Genes that have accessed recently to agenome show usually higher evolutionary rates than older genes [18]. This fact could reflect the
evolutionary pressures considering sequence itself, shifting for instance from the original codon usage in the genome of origin to the codon usage in the recipient genome [49].
The different divergence of each PV protein reflects different functional constraints, probably related to their role in the virus infectious cycle. Relative variations in the
divergence rates are also informative of putative additional pressures for a given ORF [35,50]. Thus, the high divergences of the L2 ORF in gamma PVs and in delta PVs could
reflect additional functions or additional immune pressures in the infections associated to these viruses, compared with sister viruses that infect the same hosts [9].

and mu also appear together in the phylogeny of the core Delta PVs always branch together in the phylogenetic
region and could have shared a common ancestor, thus trees of each of the analyzed regions of the genome. Within
constituting another coherent supergenus of distantly delta PVs, viruses infecting Cervidae form a stable group
related PVs that infect different mammalian hosts. in all regions analyzed (Figure 3), whereas PVs infecting

<

display the same genome arrangement and/or encode the same ORFs. A brief description of the host phylogeny is provided (right columns). Proteins encoded in the
PV genome do not shown the same relative divergences. As exemplified for the genera kappa, lambda and mu (bar diagram, upper part), the capside proteins L1 and L2 have
diverged less than the replicative proteins E1 and E2, whereas the transforming proteins E6 and E7 show the highest divergence rate. Together, these facts point towards a
composite nature of the PV genome, with the core URR-E1-E2-L2-L1 having appeared first, and the transforming proteins having accessed later to the genome.
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Bovidae cluster separately according to E6-E7 but not
according to the genomic core region.

Members of the Alphapapillomavirus genus always
appear together in all phylogenetic trees but the topo-
logies of the trees vary depending on the region analyzed.
The topology of the trees for the early transforming
proteins — E5, E6 and E7 — and for the early replicative
proteins — E1 and E2 — correspond to the epidemiology of
the associated infections. There are three main branches,
one encompassing high-risk viruses, one comprising low-
risk viruses, and a third one enclosing alpha PVs causing
cutaneous lesions [9,10] (Figure 3). However, the topology
of the phylogenetic tree of the late proteins does not follow
this pattern, and high-risk and low-risk viruses appear
intertwined [9,35,36] (Figure 3). There is, therefore, a
change in the phylogenetic relationships within alpha
PVs along the genome. Such changes in the topology of
phylogenetic trees as we move along an alignment are
commonly used to detect recombinations [37,38]. The topo-
logies of the trees in alpha PVs are incoherent [7,9,10,35,36]
and this fact points towards the existence of an early
recombination event within the L2-L1 region of the alpha
PVs that could have lead to their particular phylogeny.
Further evidence of the particular evolution of the L1-L2
genes in the alpha PVs is obvious in their nucleotide
composition and codon usage. PVs have nucleotide com-
position and codon preferences that differ strongly from
those of the host [39,40]. All the early genes from alpha
PVs infecting humans share some similar compositional
patterns but the L1 and L2 genes of alpha PVs have a
different nucleotide composition, which does not correlate
with changes in protein expression associated to differen-
tiation in the host cell [39]. The importance of the dif-
ferential association of certain PVs with cervical cancer
cannot be overlooked and must be integrated into their
classification criteria, as the International Committee of
Taxonomy of Viruses (ICTV) suggests [41]. For this
reason, and in case a recombination process had taken
place, the use of divergence in the L1 proteins as the
yardstick for PV classification might have been an
unfortunate choice.

A history of Papillomaviridae

Until now, a coevolution of virus and host was tacitly
assumed for PVs [42-45], although other authors have
also suggested multiple origins for some PVs [33,36,46]. If
the hypothesis of coevolution were correct, all PVs
infecting a given host would appear together, sharing
a recent common ancestor. The phylogenetic relationships
between viruses could then be reconstructed stepwise
following the phylogenetic relationships between their
hosts. However, this is not the case. Present PVs infecting
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primates are not monophyletic [33] and have arisen from
at least four different ancestors. These putative ancestral
viruses would have given rise separately to genus alpha,
to genera beta and gamma, to genera mu and to genera nu.
The same scenario is depicted for PVs infecting Artiodac-
tyla, with at least two ancestors, one for the delta PVs
and another for the different orphan bovine PVs (BPVs)
[33,36]. Furthermore, there has been a common ancestor
for the supergenus kappa-+lambda+mu, which infect
Lagomorpha, Carnivores and Primates, respectively.
However, the most recent common ancestor for these
three mammalian orders lived ~92 million years ago
and was also common to many other orders, such as
Artiodactyla, Cetacea, Sirenia or Perissodactyla [47]. If
there had been a virus—host coevolution, PVs infecting
cow, porpoise, manatee and horse should also co-appear
in the proposed supergenus. Finally, Carnivora and
Perissodactyla shared a recent common ancestor, and
also Cetacea and Artiodactyla shared a recent common
ancestor, but this is not the case for the respective PVs
that infect them.

The last common ancestor of mammals and aves lived
~250 million years ago [47]. The presence of PVs in
mammals and aves therefore suggests that the appear-
ance of PVs predated the split between both branches
in the Amniota lineage. We propose that this proto-PV
would have comprised the initial versions of the core
URR-E1-E2-L2-L1. The respective original sequences
probably already existed as separated entities in other
ancestral organisms, as shown by the homology between
E1 and the large T antigen in polyomaviruses [48]. The
ancestral versions of the E6 and E7 genes present today in
PVs infecting mammals would have gained access to the
genome later, providing transforming capacities to the
receiving genomes. The acquisition of the E5 genes in
the E2-L2 region, and also the hydrophobic E5-E8 genes
in the E6-E7 region might have occurred later. In the case
of the alpha PVs the accession of the proto-E5 ORFs
predated the split between high-risk and low-risk viruses,
because all high-risk viruses bear the same type of E5,
namely E5a, whereas all low-risk viruses code for either
E58, E5y or E55 [9]. The last common ancestor to both
high-risk and low-risk viruses predated the divergence of
the ancestors of the Maccaca and Homo genera because
rhesus monkey PV clusters together with human high-
risk PVs, and chimpanzee and bonobo PVs cluster
together with human low-risk PVs. However, the non-
primate counterparts of the alpha PVs, causing mucosal
lesions in their hosts, are still to be found and no
information about the evolution of the oncogenes before
the appearance of primates can be inferred. Therefore, a
thorough study of PVs in genital and cutaneous lesions in

<

Figure 3. Phylogenetic trees of Papillomaviruses (PV). The trees were constructed from computationally fused proteins (a) L1 and L2, (b) E1 and E2 and (¢) E6 and E7. From
these trees, the hypothesis of a sustained coevolution between PVs and their hosts is not supported. L1-L2 and E1-E2 trees were rooted between the node that separates
avian (FCPV and PEPV) and mammalian PVs. This position was chosen according to the taxonomic relationships of hosts and it was confirmed by (d) a phylogenetic tree of
the E1 proteins using a seed of large T antigen sequences from polyomaviruses as an outgroup. Protein sequences were aligned with clustalw and phylogenetic trees were
constructed using the neighbour-joining algorithm. Topologically similar trees were obtained using a maximum likelihood method and different alignment algorithms.
Circles at nodes indicate bootstrap support values above 600 in 1000 replicates. Well-defined clusters, independent of the region analyzed, like genera alpha, beta, gamma,
delta and kappa, lambda and mu are shaded or boxed. The four groups of alpha PVs based on the different E5 types they encode are shown. Inconsistencies in the distribution
regarding different regions of the genome suggest a recombination event within the L2-L1 region for some of these PVs. The relationship between branch lengths and

0.1 matrix units is given by the bar at the bottom of each tree.
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Box 1. Future directions and open questions

Which cellular proteins have coevolved with each of the different
complexes L1-L2, E1-E2, E5-E6-E7?

Was there a coevolution of proteins from different viruses (other
than PVs) targeting the same cellular proteins? If yes, how did they
evolve?

Was there a common ancestor for high-risk and low-risk HPVs? If
yes, how and when did the two lineages diverge, developing
different mechanisms for the targeting of different proteins?

Can we learn from the evolution of the viral oncogenes which would
be the best method to prevent uncontrolled growth?

Are there papillomaviruses:

in other clades within placental mammals?

in other clades within mammals (i.e. Marsupialia and Monotremata)?
in other clades within Amniota (i.e. turtles, lizards and crocodiles)?

non-human primates and in non-primates could prove
to have both basic and clinical importance, considering
the involvement of PVs in both malignant and benign
transformations in humans (Box 1).

Hypothetical evolutionary scenario

There are five well-defined regions in the PV genome, with
different evolutionary rates and histories. Assuming that
PV classification must reflect biological relationships [41],
our proposal of a composite nature of the PV genome
brings into question the validity of the present narrow
criteria for classifying PVs, strictly based on the sequence
identity of a single gene [7].

We propose that the history of the PVs could have
taken place in different steps. The first one corresponds
to the initial appearance of the proto-PV, by combin-
ing pre-existing genetic information, leading to the
URR-E1-E2-L2-L1 organization. This proto-PV would
have infected an ancestor in the Amniota lineage. Further
divergence processes broadened the spectrum of the
proto-PVs. The proto-E6-E7 region later accessed to one
of the proto-PVs, and evolved approximately twofold
faster than the core region of the genome. Correlating
with the emergence of the mammalian lineage 150 million
years ago [47], there was a rapid diversification of the
proto-PV repertoire, obvious today in the star-like appear-
ance of the PV phylogenetic trees. As the interaction with
the hosts became specific, a virus—host coevolution took
place. PV infection mechanisms, which require direct
contact between an infected and a non-infected host,
fuelled this coevolution process. Different E5 ORFs most
recently accessed the genome of the proto-alpha PVs and
the proto-delta PV in fragile loci between E2 and L2. For
the proto-alpha PV, this integration took place after the
emergence of the ancestor of the primates and before the
divergence within the primates family, ~24 million years
ago. For the proto-delta PV, the integration of the E5
ORFs occurred after the apparition of the Artiodactyla
ancestor ~65 million years ago and before the split
Cervoidea/Bovoidea ~23 million years ago within this
order of mammals.

Finally, for human PVs, phylogenetic analyses have
provided the first hints connecting the biology of the
viruses and differential association with malignant or
benign transformations. This synergy between in silico,

www.sciencedirect.com

wet labour and epidemiological approaches highlights
the importance of combined strategies for addressing
complex problems.
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